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Using rational membrane protein design, we were recently able to obtain a β-barrel protein nanopore that was
robust under an unusually broad range of experimental circumstances. This protein nanopore was based upon
the native scaffold of the bacterial ferric hydroxamate uptake component A (FhuA) of Escherichia coli. In this
work, we expanded the examinations of the open-state current of this engineered protein nanopore, also called
FhuA ΔC/Δ4L, employing an array of lipid bilayer systems that contained charged and uncharged as well as conical
and cylindrical lipids. Remarkably, systematical single-channel analysis of FhuA ΔC/Δ4L indicated that most of its
biophysical features, such as the unitary conductance and the stability of the open-state current, were not altered
under the conditions tested in this work. However, electrical recordings at high transmembrane potentials revealed
that the presence of conical phospholipids within the bilayer catalyzes the first, stepwise current transition of the
FhuA ΔC/Δ4L protein nanopore to a lower-conductance open state. This study reinforces the stability of the open-
state current of the engineered FhuA ΔC/Δ4L protein nanopore under various experimental conditions, paving
the way for further critical developments in biosensing and molecular biomedical diagnosis.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Ferric hydroxamate uptake component A (FhuA) is a ligand-gated
channel located in the outer membrane (OM) of Escherichia coli [1].
This OM protein is a 714-residuemonomeric, 22-stranded β-barrel fea-
tured by 10 short β-turns on the periplasmic side, 11 long loops on the
extracellular side and the 160-residue plug domain within its lumen
[2,3] (Fig. 1). The primary function of FhuA is to mediate the energy-
driven, high-affinity Fe3+ uptake complexed by ferrichrome [4]. In
addition, this OM protein serves multiple tasks, including a dual role
of transporter and receptor. Its transporter role highlights antibiotic
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translocation specific for albomycin [5] and rifamycin [6,7], whereas
its receptor role is targeted to the colicin M toxin [8] as well as a variety
of bacteriophages, including T1, T5 and ϕ80 [9–12]. We presumed that
this array of functionalities is a result of a structurally rigidβ-barrel scaf-
fold of FhuA [13]. Therefore, we hypothesized that rational membrane
protein design characterized by systematic deletion of several extracel-
lular loops and the plugdomainwill convert a closedOMprotein into an
open nanopore [14], confirming earlier studies initiated by Braun's and
Benz's laboratories [15–18].

Recently, we showed that the removal of four large extracellular
loops (4L; L3, L4, L5 and L11) and the plug domain (C), alongwith a cou-
pling to a fast-dilution protein refolding protocol [19], produced an un-
usually stable and quiet nanopore, called FhuA ΔC/Δ4L [20,21]. This
engineered protein nanopore remained open for long periods under
harsh experimental conditions, such as a very acidic pH (3–5) and a
broad range of salt concentration in the chamber (between 20 mM
and 4 M KCl). The newly created FhuAΔC/Δ4L protein nanopore repre-
sents a deletion of almost one-third of the total number of amino acids
of the native FhuA protein (Fig. 1). FhuAΔC/Δ4L exhibits a conductance
of ~4.0 nS in 1 MKCl [20], which is greater than the conductance values
observedwith other previously studied FhuA deletionmutants [15–18].
Moreover, this engineered nanopore inserts as a monomer in a single
orientation into a planar lipid bilayer [20]. These structural and biophys-
ical features imply that FhuA ΔC/Δ4L has potential for applications in
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Fig. 1. The key players in this study: a stiff β-barrel protein nanopore and lipids with various dimensionless shape parameters. The panels indicate the wild-type FhuA (WT-FhuA)
(A) and engineered FhuA ΔC/Δ4L proteins (B). The top and bottom panels show the side and extracellular views, respectively. FhuA ΔC/Δ4L protein nanopore was designed by
deleting loops L3 (blue), L4 (magenta), L5 (gray), L11 (light green) and the first 160 amino acids (the cork domain, red) of the WT-FhuA protein. These large extracellular loops
were replaced with the peptide linkers NSEGS (these linkers have similar color with the deleted loop); (C) A cartoon showing the geometrical shapes of lipids, their corresponding
dimensionless shape parameter (S) as well as their phase of intermolecular association.
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single-molecule stochastic sensing of nucleic acids and proteins [22–27],
but also in other biotechnological arenas [28].

We asked whether the electrophysiological characteristics of this sta-
ble protein nanopore are impacted by the nature of the lipid environment
within the membrane. It is already established that the membrane
composition [29], surface tension [30], surface charge [31–34], the nature
of polar headgroup [35–38], the degree of acyl chain unsaturation [39],
the hydrophobic thickness [37,40,41] and the bilayer curvature [42,43]
can play a critical role in promoting the activity, stability, folding, gating
and ligand-binding dynamics of the transmembrane proteins. In this
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study, we pursued any relationship between themembrane lipid compo-
sition and the fundamental properties of the FhuA ΔC/Δ4L protein
nanopore. We selected several lipid bilayer systems that included either
neutral or negatively charged lipids, but also possessing various dimen-
sionless shape parameters. This work provided new insights into the bio-
physical features of the engineered FhuA ΔC/Δ4L protein nanopore as
well as their dependence on the lipid membrane environment.

2. Materials and methods

2.1. Preparation on planar lipid bilayers

For the preparation of the planar lipid bilayers, we used five types of
phospholipids: 1,2-diphytanoyl-sn-glycerophosphatidylcholine (DPhPC),
1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine (DPhPE), 1,2-
diphytanoyl-sn-glycero-3-phospho-L-serine (DPhPS), N-palmitoyl-
D-erythro-sphingosylphosphorylcholine (SM) and E. coli Polar Lipid
Extract (ECTPL) containing of phosphatidylethanolamine (PE)/
phosphatidylglycerol (PG)/cardiolipin (CL) in a volume ratio of
6.7:2.3:1.0 (Avanti Polar Lipids, Alabaster, AL). Powders of DPhPC,
DPhPE, DPhPS and ECTPL were solubilized with pentane at a concentra-
tion of 10 mg/ml. The SM powder was solubilized with a mixture of
chloroform and methanol in a ratio of 2:1 (v/v). Phospholipid solutions
for bilayer formation were prepared by mixing DPhPE and DPhPC in a
volume ratio of 3:7 and 1:1, and by mixing SM and DPhPC in a volume
ratio of 1:1.

2.2. Preparation of the FhuA ΔC/Δ4L protein

The construction of the plasmid for the protein expression [20,21] as
well as the adaptations of the protein refolding protocol for obtaining
the engineered FhuA ΔC/Δ4L protein nanopore were described previ-
ously [19,20]. Briefly, 40 μL of His+-tag purified and denatured FhuA
ΔC/Δ4L was diluted 50-fold into 1.5% n-Dodecyl-β-d-maltopyranoside
(DDM), containing 200 mM NaCl, 50 mM Tris–HCl, 1 mM EDTA, pH
8.0. The diluted protein samples were left overnight at 23 °C for the
complete refolding of the FhuA ΔC/Δ4L protein.

2.3. Electrical recordings on planar lipid bilayers

Single-channel electrical recordingswere employed using planar lipid
bilayers, as published previously [44,45]. The cis and trans chambers
(1.5 ml each) of the apparatus were separated by a 25-μm-thick Teflon
septum (Goodfellow Corporation, Malvern, PA). An aperture in the sep-
tum, 80–120 μm in diameter, was pretreated with hexadecane (Sigma-
Aldrich Co. LLC., St. Louis, MO) dissolved in highly purified pentane (Fish-
er HPLC grade, Fair Lawn, NJ) at a concentration of 10% (v/v). DPhPE/
DPhPC (3:7), DPhPE/DPhPC (1/1), SM/DPhPC (1/1), ECTPL and DPhPS
bilayers were formed across the aperture. Single channels of the
engineered FhuA ΔC/Δ4L protein were obtained by adding purified
and refolded protein to the cis chamber at a final concentration of
0.15–0.30 ng/μl. Single-channel electrical recordings were conducted
using an Axon 200B patch-clamp amplifier (Axon Instruments, Foster
City, CA) in the voltage-clamp mode. Data was collected by an Intel
Core Duo PC (Dell, Austin, TX) connected to a Digidata 1440A (Axon
Instruments). Output was additionally low-pass filtered at 10 kHz using
an 8-pole Bessel filter (Model 900B, Frequency Devices, Ottawa, IL). The
acquisition rate was 50 kHz. The data acquisition and analysis were car-
ried out using pClamp 10.2 (Axon Instruments).

2.4. Statistics

The Tukey–Kramer method for multiple comparisons [46,47] was
used to compare the unitary conductance values of the engineered
FhuA ΔC/Δ4L protein, the normalized current step size (NCSS) values
acquired, the number of states, and the normalized first closure times
(NFCTs) at an applied transmembrane potential of +180 mV. The
Mann–Whitney U test [46,47] was also employed to compare the
means of the number of states at the applied transmembrane poten-
tials of +40 and+180 mV on each lipid bilayer. The differences were
considered significant if Pb0.05.

3. Results

3.1. Geometrical features of the lipids employed in this work

To examine the effect of various lipids on the single-channel features
of the engineered FhuA ΔC/Δ4L protein nanopore, we employed a series
of pure andmixed lipid bilayer systems.We used charged and uncharged
lipids that are characterized by distinct shapes, such as conical and cylin-
drical [48]. It is conceivable that the lipid effect strongly depends upon
molecular properties, such as hydrocarbon unsaturation, the length of
the acyl chain, and the nature of the polar headgroup (e.g., size, ionization
etc.). A lipid packing characteristics is determined from thedimensionless
shape parameter, S, which is given by S=V/a0lc, where a0, lc and V are the
optimum area per lipid molecule at the lipid–water interface, the length
of the fully extended acyl chain and the molecular volume, respectively
[49,50]. The charge anddimensionless shape parameter of all lipid species
involved in this work are provided in Table 1.

In Fig. 1C, we illustrate various shapes of phospholipids based upon
their dimensionless shape parameter, S. For example, phospholipids
that have a shape parameter S≅1 feature a cylindrical geometry, but
those with Sb1 have an inverted or a truncated cone shape [49]. The
phospholipids with S>1 have the geometry of a cone. To examine the
effect of charge, we also employed bilayers with DPhPS, but without
being mixed with DPhPC. ECTPL is a mixture of several phospholipids
and this was used alone (Table 1). DPhPC is a neutral and cylindrical
phospholipid [49,51]. SM is also a neutral and truncated, conical phos-
pholipid [48,52]. On the other hand, PG, CL and DPhPS are cylindrical
and negatively charged phospholipids, whereas PE and DPhPE are con-
ical and neutral phospholipids [49–51,53].

The S values in Table 1 are consistentwith our observation thatDPhPC
and DPhPS, whose estimated dimensionless packing parameter, S, is
about 1.0, can be employed to form stable lipid bilayers (Supplementary
Information, Fig. S1 and Fig. S2). SM, whose estimated S is ~0.51, can also
be used to form lipid bilayers, but these are not stable (Supplementary In-
formation, Fig. S3). This observation is likely owing to the truncated con-
ical shape of SM. In general, the SM-containing bilayers break within the
first 60 seconds from their original formation. In contrast, mixtures of SM
and PC can be employed to form a stable lipid bilayer (Supplementary
Information, Fig. S4). DPhPE, whose estimated S is ~1.20, cannot be
employed to form a stable lipid bilayer due to its conical shape (Supple-
mentary Information, Fig. S5). However, mixtures of PE and PC can be
used to form a stable lipid bilayer (Supplementary Information, Fig. S6
and S7). Finally, wewere able to form stable bilayerswith ECTPL (Supple-
mentary Information, Fig. S8).

Thus, the overall features of the resultant bilayers inspected in this
work led us to divide them into four categories: (i) DPhPE/DPhPC
(3:7) and DPhPE/DPhPC (1:1) form neutral bilayers that include conical
phospholipids [37], (ii) SM/DPhPC (1:1) forms a neutral bilayer
consisting of only cylindrical phospholipids [54], (iii) DPhPS forms
a negatively charged bilayer consisting of only cylindrical phospho-
lipids [31], and (iv) E. coli total polar lipid extract (ECTPL) forms a
negatively charged bilayer that also includes conical phospholipids
in the ratio PE/PG/CL (6.7:2.3:1.0) (Avanti) [55]. Those bilayers that
include conical phospholipids and those consisting of cylindrical
phospholipids are termed Bcon and Bcyl, respectively.

3.2. Single-channel conductance analysis

The single-channel electrical traces were recorded with the
engineered FhuA ΔC/Δ4L protein nanopore in 1 M KCl, 10 mM



Table 1
Geometrical properties of the phospholipids employed in this work.

Lipid Charge S a0 (Å2) lc (Å) V (Å3) References

DPhPC 0 Cylindricala

S ~1.00
80.5 13.6 1095 [49,51]

DPhPS −1 Cylindricala

S ~1.06
Unknown
Calculated ~79b

Unknown
13.6c

Unknown
1095c

[49,51,53,79]

DPhPE 0 Conea

S ~1.20
Unknown
Calculated ~67b

Unknown
13.6c

Unknown
1095c

[49,51,53,79]

SM (16:0) 0 Truncated Conea

S ~0.51
41d Calculated

21.78e
Calculated
457.8e

[48,52]

PE
(in ECTPL)

0 Conef ~52 Unknownf Unknownf [49,53,80]

PG
(in ECTPL)

−1 Cylindricalf ~66 Unknownf Unknownf [49,53,80]

CL
(in ECTPL)

−2 Cylindricalf Unknown Unknownf Unknownf [49,80]

a The shapes of DPhPC, DPhPS, DPhPE and SM are estimated by a dimensionless shape parameter, S, given by S=V/a0lc [49].
b Lipid surface areas of DPhPC and DPhPS are estimated from [51,53], namely, the lipid surface area of diCnPS and diCnPE is 62 Å2 and 52 Å2, respectively [51], which are 22%

smaller than those of each DPh-form lipids [53]. a0 (DPhPS)=62/(1−0.22)=79.4 Å2, a0 (DPhPE)=52/(1−0.22)=66.7 Å2.
c The hydrocarbon lengths and volumes of DPhPS and DPhPC are estimated to be same as DPhPC.
d This value is derived from the fully hydrated C16:0 SM at 29 °C.
e These values are approximated by the following formula [48]:

Ve 27:4þ 26:9nð ÞÅ3

lce 0:154þ 0:1265nð Þ � 10Å

f lc and V of PE, PG and CL are unknown, because these are natural lipids extracted from E. coli. The shapes of these lipids are referred in [49,80].
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potassium phosphate, pH 7.4, and at applied transmembrane potentials
between−180 and+180 mV. The single-channel conductance was cal-
culated as the average slope of the standard current–voltage curve. Fig. 2
shows the graphs for the current–voltage (I/V) relationships produced by
single FhuA ΔC/Δ4L protein nanopores reconstituted in different lipid bi-
layer systems. They represent the unitary conductance values of the FhuA
ΔC/Δ4L protein nanopore. No statistically significant distinctions were
detected among the conductance values of the FhuA ΔC/Δ4L protein
nanopore reconstituted in various lipid bilayer systems (Table 2; the
Tukey–Kramer method). In general, regardless of the lipid bilayer
system employed in this work, we observed that there was an asym-
metry in conductance at a positive voltage bias versus a similar neg-
ative voltage. For example, in a bilayer with DPhPE/DPhPC (3:7), the
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Fig. 2. Single-channel conductance of the engineered FhuA ΔC/Δ4L protein nanopore
in different lipid bilayers. Current–voltage (I/V) curves displayed by FhuA ΔC/Δ4L
reconstituted into various phospholipid bilayers. The error bars show the standard de-
viations (SDs) obtained from at least three distinct single-channel recordings. The data
were collected in 1 M KCl, 10 mM potassium phosphate, pH 7.4.
average single-channel current was +167 pA at +40 mV, whereas
its value was −162 pA at −40 mV.
3.3. Closing properties of the FhuAΔC/Δ4L protein reconstituted into various
lipid bilayer systems

Fig. 3 illustrates a representative single-channel electrical tracewith
the FhuA ΔC/Δ4L protein nanopore reconstituted into the DPhPE/
DPhPC (3:7) lipid bilayer and at an applied transmembrane potential
of +180 mV. At high transmembrane potentials (> 160 mV), the
single-channel current decreases in a step-wise fashion owing to the
nanopore closure. Recently, we showed that this engineered β-barrel
protein inserts into a lipid bilayer in a single orientation and as amono-
mer [20]. A large-current amplitude closure of an OM protein pore can
be caused either by a gating event of one of its monomers, if this is a
multimeric protein, or by a discrete conformational alteration of one
of the β-barrel loops or turns [56–61]. Therefore, a multi-step decrease
in the single-channel current, whichwas observedwith FhuAΔC/Δ4L at
high transmembrane potentials, might be brought about by conforma-
tional changes of the extracellular loops or turns of this engineered pro-
tein (Fig. 1) [14,59,62–65]. Here, we introduce new parameters that
describe the dynamic changes in the single-channel properties of the
engineered FhuA ΔC/Δ4L protein reconstituted in different lipid bilayer
systems. These are the number of open states, the normalized current
step size (NCSS) and the normalized first closure time (NFCT). They
are key factors for the assessment of the process of the nanopore
Table 2
Comparison of single-channel conductance of FhuA ΔC/Δ4L reconstituted into various
phospholipid bilayers. The buffer solution contained 1 M KCl, 10 mM potassium phos-
phate, pH 7.4.

Lipid bilayer system Average single-channel
conductance±SD (nS)

DPhPE:DPhPC=3:7 4.0±0.5
DPhPE:DPhPC=1:1 4.1±0.7
ECTPL (PE:PG:CL=6.7:2.3:1.0) 4.1±0.3
SM:DPhPC=1:1 4.2±0.4
DPhPS 4.1±0.3
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closure, assuming that structural changes of the occluding loops or
turns within the protein lumen lead to current alterations.

3.3.1. NCSS and the number of the open states of the channel during the
process of closing

The normalized current step size and the number of open states of
the FhuA ΔC/Δ4L protein in the process of gradual closing were ana-
lyzed using 240-second duration electrical traces at an applied trans-
membrane potential of +180 mV. As shown in Fig. 3, the open state
before closing is termed S1. The following open states are termed Sn
(n>1). NCSS used in this study was calculated as the change in the
single-channel current from C1 to C2, as compared to the current of
the open state C1 (Supplementary Information, Fig. S9):

NCSS ¼ C1−C2ð Þ=C1� 100 %ð Þ: ð1Þ

Fig. 4 shows the NCSS obtained at the applied transmembrane poten-
tial of +180 mV. There is no statistically significant distinction between
NCSSs of the protein on the different lipid bilayer systems. At a trans-
membrane potential of +40 mV, the engineered FhuA ΔCΔ/4L protein
nanopore maintained its open-state current for long periods, regardless
of the lipid bilayer system examined in this work (Table 3). The number
of the open states increased at an applied transmembrane potential of
+180 mV. Systematical statistical analysis through the Mann–Whitney
U test (Pb0.05) indicated significant distinctions between the data
obtained at +40 mV and +180 mV for each type of lipid bilayer. Using
statistical analysis with the Tukey–Kramer method, we did not find sig-
nificant difference of the NCSSs between any lipid bilayer investigated
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Fig. 4. NCSSs in the process of channel closure of the FhuA ΔC/Δ4L protein reconstituted
on various lipid bilayer systems. EachNCSSwas calculated accordingwith the Eq. (1). The
applied transmembrane potential was +180 mV.
at an applied transmembrane potential of +180 mV. The NCSS and the
number of the states imply intrinsic structural properties that lead to dif-
ferent closure dynamics, resulting in different number of open states of
the protein nanopore. These systematical single-channel results indicate
that FhuA ΔC/Δ4L forms similar pores on all types of lipid bilayers exam-
ined in this work.
3.3.2. Normalized first closure time (NFCT) of the engineered FhuAΔC/Δ4L
protein nanopore is affected by conical phospholipids

Here, we define the first closure time (FCT) of the protein nanopore
as the time taken to undergo itsfirst closure via a discrete step-wise cur-
rent transition to a second open state. Normalized first closure time
(NFCT) is the value of the first closure time normalized to the total du-
ration of the experiment of 60 seconds. If the protein nanopore did not
closewithin 60 seconds, theNFCTwas calculated as 1. At least three dis-
tinct single-channel experiments were performed for the analysis of
NCSS, the number of open states, and NFCT on each kind of lipid bilayer.
We did not observe any closing event of the FhuA ΔC/Δ4L protein
nanopore at a transmembrane potential of+40 mV.We also investigat-
ed the sensitivity of the FhuAΔC/Δ4L protein for its closure at high trans-
membrane potentials when reconstituted into lipid bilayers that include
cylindrical (Bcyl) and conical phospholipids (Bcon). Fig. 5A shows repre-
sentative single-channel electrical traces of FhuA ΔC/Δ4L at a transmem-
brane potential of +180 mV and reconstituted in Bcyl (upper panel) and
Bcon (lower panel) bilayers. As shown in Fig. 5B, the NFCTs of the protein
nanopore reconstituted on the SM/DPhPC (1:1) and DPhPS bilayers,
which are Bcyl, are significantly greater than those data obtained with
the DPhPE/DPhPC (3:7), DPhPE/DPhPC (1:1) and ECTPL bilayers, which
are Bcon. Taken together, the voltage-induced sensitivity for the very
first closure of the nanopore will be impacted by the dimensionless
shape parameter of phospholipid constituents of the lipid bilayer system.
Moreover, the applied transmembrane potentials determining a first
single-channel closure are somewhat lower when conical phospholipids
are employed as compared to those values obtained with cylindrical
phospholipids. For example, the first single-channel closures with the
lipid bilayer systems DPhPE/DPhPC (3:7), DPhPE/DPhPC (1:1) and PS
were observed at a transmembrane potential of 80, 100 and 120 mV, re-
spectively (Table 4).
Table 3
Comparison of the number of the open states on various phospholipid bilayers and at
applied voltages of +40 mV and +180 mV. The buffer solution contained 1 M KCl,
10 mM potassium phosphate, pH 7.4.

Lipid bilayer system Average number of open states±SD

+40 mV +180 mV

DPhPE:DPhPC=3:7 1 3.3±0.5
DPhPE:DPhPC=1:1 1 2.8±1.0
ECTPL (PE:PG:CL=6.7:2.3:1.0) 1 3.3±0.8
SM:DPhPC=1:1 1 3.7±0.6
DPhPS 1 2.7±0.6
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potential of +180 mV. The buffer conditions are the same as in Fig. 2.

Table 4
Applied transmembrane potentials at which the first single-channel closure of FhuA
ΔC/Δ4L is observed.

Lipid bilayer system Voltagea (mV)

DPhPE:DPhPC=3:7 80
DPhPE:DPhPC=1:1 100
ECTPL (PE:PG:CL=6.7:2.3:1.0) 80
SM:DPhPC=1:1 120
DPhPS 120

a Values indicate the positive transmembrane potentials.

1062 N. Tomita et al. / Biochimica et Biophysica Acta 1828 (2013) 1057–1065
4. Discussion

In this work, we performed a systematical single-channel analysis of
the engineered FhuA ΔC/Δ4L protein nanopore reconstituted in various
lipid bilayer systems. Our primary goal was to examine the alterations
in the single-channel features of this β-barrel protein upon its insertion
into membranes differing by the nature of constituent lipids. Recently,
we determined that coupling of protein engineering with a fast-dilution
protein refolding protocol was instrumental in obtaining a rigid β-barrel
protein under a broad range of experimental conditions, including pH,
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applied transmembrane potential and ionic strength in the chamber [20].
Therefore, we asked whether the biophysical properties of this β bar-
rel are impacted by the nature of the lipid environment. Surprisingly,
we found that there are no statistically significant modifications of
the unitary conductance of FhuA ΔC/Δ4L (~4.1 nS in 1 M KCl, 10 mM
potassium phosphate, pH 7.4) when reconstituted in lipid bilayer sys-
tems containing either cylindrical or conical phospholipids.

While the FhuA ΔC/Δ4L protein nanopore did not undergo step-
wise closure transitions at lower applied transmembrane poten-
tials, it underwent stochastic and stepwise closure transitions to
low-conductance open states at greater transmembrane potentials
(e.g., +180 mV). We found no statistically significant distinctions
in the number of open states and the NCSS when the protein was
reconstituted in the bilayer systems examined in this work. Howev-
er, if the proteinwas reconstituted into a bilayer containing conical phos-
pholipids, the single-channel electrical traces revealed a faster NFCT than
in those bilayers lacking them. By adding conical phospholipids into a
Bcyl bilayer, spontaneous curvature stress is produced within the bilayer
and lateral pressure is imparted on the embedded membrane protein
[42]. We propose that the remaining extracellular loops of the FhuA ΔC/
Δ4L affected by the alterations of the packing pressure of bilayer under
conditions in which conical phospholipids are present (Fig. 5).

In Fig. 6, we illustrated a model of the free energy landscape of the
protein nanopore-lipid bilayer system. This model only shows the open
states S1 and S2. The S1 state is the unperturbed high-conductance
open state. A thin continuous line represents the free energy associated
with a low applied transmembrane potential (e.g., +40 mV), when the
protein is embedded into a lipid bilayer containing cylindrical phospho-
lipids. At a high applied transmembrane potential (e.g., +180 mV), the
energetic landscape is tilted (thin and dashed curve), showing a smaller
activation free energy for a discrete transition to an S2 open state. If the
bilayer contains conical phospholipids and the applied potential is low,
the transition state corresponding to a stepwise decrease in the single-
channel current to a low-conductance S2 open state has a lower energetic
level (thick continuous line). Finally, a high applied transmembrane po-
tential coupledwith the presence of conical phospholipids into the bilayer
produces a decrease of the activation free energy for the current transition
from S1 to S2 (thick dashed line).

We judge that the results obtained in this work cannot be generalized
to other β-barrel proteins, especially to those exhibiting single-channel
currentfluctuations. In particular, theOMproteinG (OmpG)displays cur-
rent fluctuations in a neutral DPhPC-based bilayer [66]. Hwang and
Fig. 6. Schematic model of the free energy landscape of the S1–S2 transitions of the FhuA
ΔC/Δ4L–bilayer system. Continue and dashed lines denote the free energy landscape at
the applied transmembrane potential of 40 and 180 mV, respectively. Thin and thick
lines indicate the data for the Bcyl and Bcon bilayers, respectively. The two horizontal
dashed lines show the energetic minima of the S2 state at low (40 mV) and high
(180 mV) positive voltages.
colleagues (2008) found that the gating kinetics of OmpG is strongly de-
pendent on the charged state of the individual leaflets of the bilayer [38].
For example, when OmpG was inserted from the negative side of the bi-
layer, the frequency of gating current fluctuations increased as compared
to that value obtainedwith a neutral bilayer. In contrast, the frequency of
gating decreased relative to the neutral bilayer, if the proteinwas inserted
from the positive side of the bilayer. A much less intuitive result was
obtained by Ishii and Nakae (1993), who examined the OccD1 protein
channel of Pseudomonas aeruginosa, which is a monomeric, outer mem-
brane β-barrel protein [67]. This protein channel exhibits a unitary con-
ductance of ~30 pS in 1 M KCl DPhPC-based bilayers [60,67–70].
However, Ishii and Nakae discovered frequent large-conductance current
openings (~400 pS in 1 MKCl) in bilayers that contained lipopolysaccha-
rides (LPS). Stochastic current transitions in β-barrel proteinsmight have
physiological relevance, especially in the case of substrate-specific small
porins of P. aeruginosa, requiring further biophysical [36,70–73] and com-
putational examination [74–78].

Anthony Lee (2004) emphasized that the features of the polar
headgroup, such as its structure, size and charge, as well as the charac-
teristics of the hydrogen bonding potential, strongly impact the regions
of the transmembrane proteins at the lipid–aqueous phase interface
[41]. In addition, phosphatidylethanolamine-based lipids, such as PE
and DPhPE, display a susceptibility to form a curved, hexagonal HII

phase [49]. Indeed, we confirmed that we were not able to form stable
lipid bilayers with PE or DPhPE (Supplementary Information, Fig. S5).
However, we accomplished single-channel measurements with the
engineered FhuA ΔC/Δ4L protein nanopore reconstituted in lipid bilay-
ers that included mixtures of DPhPE and DPhPC. Importantly, most of
the properties of the nanopore remained unaltered in PE-containing
lipid bilayer mixtures, such as the unitary conductance, and the current
amplitude of the step-size closures and the average number of closing
steps at high applied transmembrane potentials. It is conceivable that
the conical geometry of PE and the conformation of the polar headgroup
have a great effect on the lipid–protein nanopore interactions at the
lipid–aqueous phase interface. Such impact was consistently observed
with the short duration of the very first step-wise current closure of
the FhuA ΔC/Δ4L protein nanopore at a high applied transmembrane
potential when data was recorded with PE-containing lipid bilayers.
Our results are also consistent with prior findings of Rostovtseva and
colleagues (2006), who revealed that the voltage gating of the voltage-
dependent anion channel (VDAC) is regulated by the presence of
nonlamellar lipids in the membrane [36]. In particular, PE has a
major effect on the voltage asymmetry in the current–voltage features
and current gating of VDAC.

In summary,wedetermined that the openingof the FhuAΔC/Δ4Lpro-
tein nanopore reconstituted into the cylindrical phospholipid-containing
bilayers is maintained for a longer duration compared with those situa-
tions employing the conical phospholipid-containing bilayers at high
applied transmembrane potentials. Our data indicate that the NCSS and
the number of open states of the FhuA ΔC/Δ4L protein nanopore were
similar. Taken together, thesefindings suggest that the shape of the phos-
pholipid can alter the stability of the open-state current of the engineered
FhuA ΔC/Δ4L protein nanopore.
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